Introduction
The combustion products, formed as a result of combustion of fuel, are accelerated to high outlet velocities (according to reference [1] : from 50 to 500 m.s-1) in a high momentum burner. In comparison to the conventional atmosphere burners, the high momentum burners have the following advantages: higher heat transfer by convention, higher heating rate, more uniform temperature and concentration fields in the working space of the furnace.
In practice, these burners can be used either to intensify the convection heat transfer by direct orientation of the combustion products to the charge, i.e. in the so-called rapid heating case, or to obtain the high uniform temperature and concentration fields in the combustion chamber by intensive internal recirculation of the combus-tion products. Actually, both these possibilities are closely associated and are usually utilised together.
It is well known that the change of excess air, i.e. oxygen, in the reaction zone of combustion process has significant influence on NOx formation. In order to reduce NOx formation in the gas fired two-stage air high momentum burner considered in this paper, the method of water or steam addition into air or natural gas stream can be applied in addition to the air-staging technique. 
Design of the High Momentum Burner
The two-stage air high momentum burner, which was designed and patented by author, is shown in figure 1 [2] . The fuel inlet (14) is located on the central axis of burner and the primary combustion air enters the burner through the entry slot (7) placed tangentially and it makes the formation of homogenous fuel mixture possible. The secondary combustion air enters the front header (2) circularly through slot (11) . Owing to the circular flow, the baffle passage (10) and the angle of six inlet pipes (5) of 35° measured from axial direction, the distribution of velocity, temperature and concentration are more uniform throughout the combustion chamber and the mixing of reactants is also better. The head of burner (9) is made of refractory material (4) . The case of the burner's head, the front header and the body of burner (6) are made of 1.5 mm steel plate. The outlet part of the burner is constricted into a nozzle (8) to obtain a high exit velocity of combustion products.
The point is first to take advantage of both, the good stability and low NOx emissions associated with rich combustion and, subsequently, to complete the combustion of the unburned CO and H 2 in a lean stage where additional NOx production is also low. For the staging to be effective, the mixing of rich products and air must be very rapid.
Fig. 1: (a) A design of a two-staged air high momentum burner (b)
A cross section of the burner.
Measurements

Burner test facility
All measurements were performed using the experimental facility shown in figure 2. The facility was designed in the laboratory of the Faculty of Metallurgy of the Technical University of Košice in such a way that the mounting and testing of different burner types was enabled. It mainly consists of devices suitable only for measurement of the gaseous fuel, the combustion air and the flue gases.
The combustion air (2) is supplied by three electric fans connected in series. The air flow rate is measured using rotometers, (6) and (6a). The pressure is measured by manometers (3) and (3a). The temperature of pre-heated air is measured by a thermometer (5). The regulating valves (4), (4a), (7) and (7a), used for the air flow rate control and maintaining the constant pressure are placed in front of the rotometers. The by-pass line (8) may be used for the maximum air flow rate when the measuring scale of rotometer is insufficient. The air pressure in the area in front of burners is measured by manometers (9) and (10) .
In two-stage air high momentum burner, the primary combustion air was led through the inlet part to the gas-meter (19) and the secondary a) b) 
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Thermal NO formation Carvalho's model
Thermal NO is formed from atmospheric nitrogen according to the extended Zeldovich mechanism that comprises the following steps [5] : 
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The steady state approximation for the nitrogen atom concentration yields: one was led to the burner through the turbine gas-meter (21) by an electric fan (20). The gaseous fuel is supplied by a fan (1) through a valve (18), a gas-meter (17), a rotating suction device (16) and a balance vessel (14). The fuel flow rate is controlled by the regulating valves, (13) and (15). The fuel pressure and inlet air are measured by manometers. The conventional suction method using water cooled stainless steel probe was used for measuring concentration. Concentration of CO, CO 2 and O 2 in flue gases is analysed using the VEB Junkalor analyser and concentration of NOx is done by the TESTO 32, Testotherm analyser [3] . The gas sample must be cooled down to the ambient temperature because the NO gases gradually oxidise to form NO 2 gases without being cooled [4] . 
Experimental results
The inlet charging of natural gas was 6.5 m 3 .h -1 , which corresponds to the thermal load of combustion chamber of 2.33.10 7 W/m 3 , during the measurements and the velocity of outlet combustion gas flow was 265 m.s -1 (calculated according to the combustion gas temperature of 1600°C and the excess air ratio of 1.02).
In order to investigate the influence of excess air on NOx emissions, experiments were performed by varying the stoichiometry parameters, i.e. air-fuel ratio. The effect of varying the excess air ratio on the NOx formation is shown in figure 3 . The results show that NOx emissions reach extreme values in the range of air excess 1.07< n < 1.2. The best cor-relation between the NOx emissions and the excess air derived on the basis of experimental results in the form of polynomial regression, which is given by the following equation, in the validity range of air-fuel ratio 1.008 < n < 1.5:
At the same time the values of NOx formation are calculated on the basis of following mathematical models: the Zeldovich, the Hung, the Boschan and the Carvalho models [5] . It was established that the Carvalho's model corresponds to the measurement values better than the other above-mentioned models. The effects of varying the excess air ratio on the NOx emission in the burner process according to the Carvalho's model are plotted in figure 4 .
The other results of experimental investigations The investigation results of the tests studying the effects of water addition into the combustion air stream on the NOx formation are given in fig. 6 . Up to 50 g.m -3 of water was gradually added into the stream of pre-heated air (300-400°C). It results from the shown curve that with each 50 g of added water the NOx emissions are reduced by about 50%. This technology has been developed to reduce temperature peaks in oxygen-rich part of the flame. Injecting water reduces flame temperatures because combustion energy is used to vaporise and superheat the water to the combustion temperatures. In concept, water injection is the same as flue gas recirculation and both act as diluents. These temperature reduction techniques have their effects primarily on formation of thermal NOx products.
In addition, water vapour has the catalytic effect. The atomic oxygen reacts primarily with the carbon and then with the carbon monoxide, and amply with the nitrogen in gaseous hydrocarbon combustion. Accordingly, the concentration of Oatoms has the significant role in the NO formation. During this process, the molecular hydrogen works as an efficient catalyst for the reduction of NO to N 2 [6] [7] : 
Conclusions
On the basis of experimental results, the following operating characteristics of the gas fired twostage air high momentum burner are obtained: Input fuel control ratio is 1: 20, i 
